Mycoplasma hyopneumoniae causes swine pneumonia and contributes significantly to the porcine respiratory disease complex. The mechanisms of pathogenesis are difficult to address, since there is a lack of genetic tools, but microarrays are available and can be used to study transcriptional changes that occur during disease as a way to identify important virulence-related genes. Mycoplasmas were collected from bronchial alveolar lavage samples and compared to broth-grown cells using microarrays. Bronchial alveolar lavage was performed on pigs 28 days postinfection, and mycoplasmas were isolated by differential centrifugation. Mycoplasma RNAenriched preparations were then obtained from total RNA by subtracting eucaryotic ribosomal and messenger RNAs. Labeled cDNAs were generated with mycoplasma open reading frame-specific primers. Nine biological replicates were analyzed. During lung infection, our analysis indicated that 79 M. hyopneumoniae genes were differentially expressed (P < 0.01), at a false-discovery rate of <2. The reactions that invading pathogens have toward host responses determine their ability to colonize and cause disease. Most bacteria have inducible regulons whose products enhance colonization and assist in the disease process. With mycoplasmas, the simplest of bacterial pathogens, the story of virulence factors and their regulation has been poorly studied and is less well known. Some mycoplasma species can generate high rates of diversity in selected genes or gene families through small sequence changes and recombination events resulting in changes at the genetic level (32). This variation is usually expressed by the generation of new chimeric surface molecules with high rates of antigenic diversity that are thought to help evade the host immune system. Phase switching may result when variation occurs within poly(A) tracts in promoter regions or in structural gene sequences or by DNA inversion. The generation of chimeric genes by intragenic recombination also occurs. This variation is carried through subsequent generations. There is no evidence that any of these mechanisms are operative in Mycoplasma hyopneumoniae, however. Some surface molecules in M. hyopneumoniae undergo posttranslational modification through proteolytic processing as a form of variation identifiable by immunoblotting (4, 7).
The reactions that invading pathogens have toward host responses determine their ability to colonize and cause disease. Most bacteria have inducible regulons whose products enhance colonization and assist in the disease process. With mycoplasmas, the simplest of bacterial pathogens, the story of virulence factors and their regulation has been poorly studied and is less well known. Some mycoplasma species can generate high rates of diversity in selected genes or gene families through small sequence changes and recombination events resulting in changes at the genetic level (32) . This variation is usually expressed by the generation of new chimeric surface molecules with high rates of antigenic diversity that are thought to help evade the host immune system. Phase switching may result when variation occurs within poly(A) tracts in promoter regions or in structural gene sequences or by DNA inversion. The generation of chimeric genes by intragenic recombination also occurs. This variation is carried through subsequent generations. There is no evidence that any of these mechanisms are operative in Mycoplasma hyopneumoniae, however. Some surface molecules in M. hyopneumoniae undergo posttranslational modification through proteolytic processing as a form of variation identifiable by immunoblotting (4, 7) .
Previous studies have shown that gene regulation does occur in M. hyopneumoniae in regard to heat shock (13) , iron deprivation (14) , and exposure to hydrogen peroxide (23) . Since these growth conditions only partially mimic those found in vivo, we wanted to determine how exposure to the host during disease alters the transcriptional profiles of M. hyopneumoniae. Thus, we obtained organisms from infected pig lungs and compared their transcriptome with that from organisms grown in the laboratory using microarray technology. This provided a "global" snapshot of the steady-state concentrations of mRNAs, a good indicator of gene expression. Surprisingly, our results indicate that more genes are down-regulated during lung infection than during broth growth.
MATERIALS AND METHODS
Mycoplasma strains and culture conditions. Pathogenic M. hyopneumoniae strain 232, a derivative of strain 11, was used in this study. In vitro cultures consisted of 125 ml of Friis medium (10) in 250-ml Erlenmeyer flasks incubated at 37°C with slow agitation until the culture reached mid-log phase as indicated by color change and turbidity. Mycoplasmas were pelleted by centrifugation at 24,000 ϫ g and resuspended in 0.5 ml RNALater (Ambion, Inc., Austin, TX), and the cells were stored at Ϫ70°C until the total RNA was isolated. For in vivo cultures, pigs were infected with M. hyopneumoniae with 10 ml of mid-log-phase broth culture (10 5 color changing units/ml) intratracheally at 4 weeks of age (27) . Pigs were evaluated daily and scored for degree of severity of respiratory disease (0 to 6), sneezing (0 to 3), coughing (0 to 3), lethargy (0 to 3), wasting (0 to 3), and icterus (0 to 3), and a summary clinical score was recorded. At 28 days postinfection, pigs were necropsied and the lungs were lavaged as described previously (16) . Bronchial alveolar lavage fluids (BALF) were quickly cooled to 4°C and centrifuged at 250 ϫ g for 5 min (4°C) to remove the cellular debris and large host cells from the fluid. The mycoplasmas were isolated by high-speed centrifugation (25,000 ϫ g, 15 min, 4°C). Mycoplasma pellets were then resuspended in 0.5 ml RNALater and stored at Ϫ70°C until RNA was extracted. The BALF from each pig represented a single experimental unit.
RNA isolation. RNA was isolated using the Versagene RNA purification system (Gentra Systems, Minneapolis, MN) according to the manufacturer's protocol. The optional step of DNase treatment was performed on a column according to the manufacturer's recommendation. Contaminating pig RNA was removed from each sample using the MICROBEnrich kit (Ambion), and the samples were quantified using the Nanodrop ND-1000 spectrophotometer (Nanodrop, Wilmington, DE). The broth-grown control samples were treated in an identical fashion. The efficiency of removal of contaminating pig nucleic acids was verified by PCR using primers specific for pig cyclophilin (cyclo-f, TAACC CCACCGTCTTCTT; cyclo-r, TGCCATCCAACCACTCAG). In addition, to evaluate the possibility of having false signals on the arrays from potential residual swine lung RNAs in the BALF preparations, a hybridization was performed with total RNA isolated from whole-lung tissues harvested from mycoplasma-free control pigs using the Versagene RNA purification tissue kit (Gentra Systems). As a control for these studies, total pig lung RNA was labeled with M. hyopneumoniae open reading frame (ORF)-specific hexamer oligonucleotide primers selected to bind only to M. hyopneumoniae mRNA as previously described (13) .
Microarray. The M. hyopneumoniae microarray consists of PCR products (probes) spotted to Corning UltraGAPS glass substrates as described previously (13) . The array represents 89% (620/698) of the total ORFs of M. hyopneumoniae strain 232 as PCR products of approximately 125 to 350 bp in length. Each probe is spotted in triplicate using a nonadjacent, well-spaced format. Each slide contains two complete arrays, one at each end of the substrate.
Microarray experimental design. Nine independent BALF samples were processed for total RNA along with nine in vitro cultures. Each in vivo BALF sample was paired with an independent in vitro culture sample for hybridization on nine two-color arrays. For five of the arrays, the control in vitro sample was labeled with Alexa 555 and compared to an Alexa 647-labeled BALF sample. The dye assignment to control samples was reversed for the other four arrays. The slides were hybridized under identical conditions as described below.
Hybridization, image acquisition, and normalization. Fluorescently labeled cDNA targets were generated, purified, hybridized to arrays, scanned, and analyzed as follows. Briefly, 10 g of M. hyopneumoniae enriched RNA was incubated at 70°C for 10 min with 5 l of M. hyopneumoniae ORF-specific hexamer oligonucleotide primers (750 ng/l) in a total reaction volume of 15.5 l, chilled on ice for 10 min, and then combined with 14.5 l of reverse transcription reaction mix (3 l Superscript III 200U/l [Invitrogen Corp., Carlsbad, CA], 6 l 5ϫ First Strand buffer, 0.6 l 50ϫ amino allyl-dUTP/deoxynucleoside triphosphate mix, 3 l RNase-free water). Reactions were incubated at 42°C for at least 2 h. RNA hydrolysis was performed using 3 l 0.1 M ETDA and 3.5 l 0.1 M NaOH at 65°C for 10 min. To neutralize the pH, 36.5 l of 500 mM HEPES (pH 7.0) was added. The hydrolyzed reaction mixtures were purified using the Mo Bio UltraClean PCR cleanup kit (MO BIO Laboratories, Inc., Carlsbad, CA). Reaction mixtures were quantified using an ND-1000 spectrophotometer (Nanodrop, Wilmington, DE), lyophilized, and resuspended in 6.5 l RNase-free water. After 10 min, 1.5 l sodium bicarbonate (pH 8.7) and 2 l of Alexa 555 or Alexa 647 (Invitrogen, Carlsbad, CA) were added. Dyes were prepared by resuspending a single tube of dye in 2 l of dimethyl sulfoxide. Dye-coupled reactions were purified and quantified as described above. The frequency of incorporation was determined as described elsewhere (http://Promega.com /applications/arrays/calculator/#ResultsView). Hybridization, scanning, and analysis were preformed as described previously (13) .
Our analysis employed three scans using various laser powers and photomultiplier tube gain settings to increase the dynamic range of expression measurement (8) . Spot signal intensities were quantified from images, and the values were log transformed, background subtracted, and normalized as described previously (13) . The normalized values for triplicate spots were averaged within each array to produce 1 normalized measure of expression for each of the 620 probe sequences and each of the 9 RNA samples.
A separate mixed-linear-model analysis was conducted for each probe sequence using the normalized data (29) . Each mixed model included fixed effects for treatment (broth versus in vivo), slide region (upper versus lower), and dye (Alexa 555 versus Alexa 647) and random effects for slide and slide-by-region interaction. A t test for differential expression across treatments was conducted for each probe as part of our mixed-linear-model analysis. The 620 P values from these t tests were converted to q values using the method of Storey and Tibshirani (25) . These q values can be used to obtain approximate control of the false discovery rate at a specified value.
qRT-PCR. Quantitative reverse transcriptase PCRs (qRT-PCRs) were performed as described by the manufacturer. Six genes were analyzed using the Brilliant SYBR Green QRT-PCR kit (Stratagene, La Jolla, CA). The gene mhp345 was chosen as the housekeeping gene for these studies based on its consistent expression levels in several microarray studies (13, 14, 23) . Cycling conditions were based upon the manufacturer's recommendations (Stratagene) using a Bio-Rad (Hercules, CA) MyiQ real-time PCR cycler. In all cases, the same RNA samples were used for both the microarray and qRT-PCR studies. The primers used for amplification are described in Table 1 . The qRT-PCR data were analyzed according to the method of Gallup and Ackermann (11) .
Microarray data accession number. The microarray data can be accessed through the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession number GSE9057.
RESULTS AND DISCUSSION
In vivo model and statistical analyses. These studies were performed to obtain a snapshot of transcriptional activity in M. hyopneumoniae during infection. It is the first analysis of its kind for mycoplasmas and has rarely been reported for other bacterial pathogens for several reasons. First, for most bacteria, it is difficult to obtain sufficient numbers of organisms from infected tissues to provide adequate levels of RNA for microarray analysis. Second, even if RNA amplification is performed, the approach used to produce cDNA with random primers results in poor or false signal levels due to contaminating host RNA. Finally, often the natural host is not available for studies of this type or is difficult to obtain, preventing in vivo studies of this type from being performed. One of the few examples of in vivo expression analysis of a bacterial pathogen by microarrays has been performed with Vibrio cholerae isolated from human stools (1, 24) . A hyperinfectious phenotype for mice was observed with stool-isolated Vibrio and correlated with gene expression changes (17) , but significant differences in gene expression patterns resulted when human stool samples and rabbit infection samples were compared (31) . This suggests that use of the normal host is critical to global transcriptome studies. Of course, working with a host interjects additional confounding problems into the analysis, such as genetic differences of the host and the variability of immune responses to a specific pathogen (2).
Our M. hyopneumoniae-pig infection model circumvents many of these problems. First, with swine we have ready access to large numbers of in vivo-grown organisms during the height of infection simply by washing the lung with sterile buffer. Second, the labeling protocol uses M. hyopneumoniae mRNAspecific primers. This prevents the generation of false signals if host RNA is present in the samples. We are also using a natural host-pathogen model with normal infection protocols. Finally, the removal of contaminating pig RNAs results in highly enriched mycoplasma RNA preparations that label well under the conditions used. We were unable to deal with the host genetic differences effect, however. By adding additional biological replicates to the analysis, we were able to reduce the false discovery rate to Ͻ2.7%, a strong indicator of the quality and reproducibility of our data. We confirmed our data by qRT-PCR using the genes and primer pairs indicated in Tables 1 and 2 . Although several of the genes showed increased transcript levels over our microarray data, all of the genes showed concordance in the direction of variation with the microarray data ( Table 2) . The values for significant transcript level differences in our microarray data (Fig. 1 ) are relatively low (Table 2) . Recent evidence, however, indicates that the direction of change is more important than actual value correlations (20, 30) . Also, since mycoplasmas are considered to be among the smallest organisms, with a volume of less than 0.1 m 3 , smaller changes in transcript levels may have more impact on physiological processes in them than in larger organisms with significantly larger volumes (Escherichia coli has an approximate volume of 3 m 3 ). The variability in the host disease state at necropsy may contribute to these low values. The extent of lung lesions in these pigs varied, as is usually seen with this pathogen and infection model (27) . Another factor that may contribute to low levels of change is that the organisms isolated by bronchial lavage may represent organisms from numerous environments within the pig lung, i.e., organisms attached to ciliated epithelium, nonadherent organisms growing in tissue secretions, organisms in different phases of growth, organisms from lesions that have altered pHs, etc. The spot intensity values would then represent an average of mRNA levels within the population. Our microarray studies involved isolating mycoplasmas from lavage fluids after centrifugation to remove host cellular debris. In effect, this could have removed attached mycoplasmas as well. Further study will be needed to differentiate between these possibilities.
Membrane transport genes. Our comparative analysis of transcripts from in vivo-grown versus in vitro-grown M. hyopneumoniae indicated that 33 genes were up-regulated in vivo (P Ͻ 0.01) relative to expression in vitro (Table 2) . A similar proportion (63%) of these were hypothetical genes, as was the case for those that were down-regulated (61%). Also, a larger proportion of genes associated with membrane transport processes were up-regulated in vivo, including secA (mhp295), abc FIG. 1. Volcano plot of transcriptional differences in M. hyopneumoniae during growth in vivo. Data represent individual gene responses plotted as log 2 n-fold changes versus negative log 10 P values. Points above the negative log 10 P value of 2 are significant at P values of Ͻ0.01, with a negative change representing the down-regulated genes and a positive change representing the up-regulated genes.
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(mhp222), potA (mhp380), and ugpA (mhp381). The role of SecA in mycoplasmal physiology is assumed to be in membrane transport processes as part of the translocase machinery, although this has not been determined experimentally. Increasing protein translocation during disease might provide for more-rapid responses to host immune defenses. Both abc and potA have an ATP/GTP binding site motif A (also called a P loop), and potA also has a strong ABC transporter family signature. The role of PotA seems to be in transport of spermidine, a molecule involved in ribosome binding, translation stimulation, and DNA stability (12) . Spermidine has also been reported to affect nitric oxide-mediated immune functions (5, 26), a major host innate immune component during neutrophil and macrophage stimulation. Perhaps increased spermidine transport enhances the survival of M. hyopneumoniae in vivo. Enhanced uptake of glycerol in the infected lung as a result of increased transcript levels of ugpA (sn-glycerol-3-phosphate transport permease) might indicate a need for glycerol as an energy source, or alternatively, glycerol might provide osmotic protection within the various environments of the swine lung as the organism shifts from cell association on mucosal surfaces through its release into mucosal secretions. Interestingly, the presence of glycerol in the growth medium has been reported to enhance the virulence of Mycoplasma mycoides subsp. mycoides through enhanced hydrogen peroxide production (21) . Whether M. hyopneumoniae also responds in this way is not known, since it has not been examined for hydrogen peroxide production, which usually involves growth on blood agar; M. hyopneumoniae grows poorly on agar surfaces, if at all. Inclusion of glycerol in broth medium had no effect on the growth of M. hyopneumoniae (data not shown). Further study will be needed to better understand the role of these gene products in pathogenesis.
The down-regulation of trsE (mhp133) in vivo is an interesting observation. The product of this gene has a conserved motif (VirD4/VirB4) that is present in members of the type IV secretory pathway. From the genome annotation (19) (available at http://mycoplasma.genome.uab.edu/), it appears that mhp133 is part of a five-gene operon (mhp130 to mhp134). Only one other member of that putative operon has a product with a conserved domain or similarity with other proteins, mhp130. The Mhp130 SMF motif is found in proteins involved in DNA uptake (15) . Like mhp133, mhp130 is down-regulated in vivo (P ϭ 0.001). Since DNA nucleotides are essential nucleic acid precursors for mycoplasmas (9, 18) , this operon may function as a DNA transport complex stimulated by the presence of high concentrations of DNA in the surrounding environment, such as in DNA-rich broth.
Lipoprotein genes. Three genes identified in this study coded for lipoproteins. mhp366 and mhp371 were up-regulated and mhp170 was down-regulated in vivo relative to results for broth-grown organisms. The relatively low levels of transcriptional variation in lipoprotein genes is not surprising, since mycoplasmas in general do not regulate their lipoprotein genes by transcriptional control mechanisms (32) . Also, M. hyopneumoniae lacks the types of lipoprotein gene families that undergo phase switching and size variation, although the latter would not necessarily alter transcription. This was evident from the analysis of the M. hyopneumoniae genome sequence (19, 28) and not from biological studies. The classical approach to identifying surface variable antigens could not be used with M. hyopneumoniae due to its poor growth on agar surfaces.
Transcription-translation genes. More genes involved in transcription and translation were down-regulated in vivo than was the case with broth-grown organisms. These included fusA (mhp083), nrdE (mhp158), rps18 (mhp305), proS (mhp397), rpoC (mhp635), rplL (mhp637), and cysS (mhp661). It is not unusual to find groups of these genes regulated in microarray studies, including tRNA synthases, ribosomal proteins, and rRNA genes (3, 6, 13, 14, 23) . The reason for this regulation is not known, but it is commonly reported. For M. hyopneumoniae, the answer might be simple. Perhaps it is a nutritional issue; there are more nutrients in the rich broth media, while the in vivo environment is highly competitive for nutrients such as iron, amino acids, purines, etc. The up-regulation of fusA, which codes for chain elongation factor EF-G, might simply reflect faster growth in vitro. A similar argument could be made for the other transcription-translation related genes.
General metabolism genes. Interestingly, two genes with greater changes and P values of Ͻ0.05, mhp396 (P ϭ 0.042; 4.07-fold change) and mhp070 (P ϭ 0.033; 3.56-fold change) (data not shown) (see Table S1 in the supplemental material), were up-regulated in vivo. The gene mhp396 codes for thioredoxin, a protein involved in reduction of thiodisulfide bonds. Serving as an antioxidant, thioredoxin may play important roles in protecting the organism in vivo during active host immune responses. The product of gene mhp070 is excinuclease ABC subunit C. It has an active role in excising DNA lesions during DNA repair and is sometimes referred to as UvrABC nuclease. The up-regulation of subunit C in vivo may indicate that DNA damage may be occurring more frequently in vivo relative to that in in vitro conditions. The two other components of the excinuclease ABC enzyme, subunit A (encoded by mhp288) and subunit B (encoded by mhp669), are constitutively expressed under these conditions (data not shown). The C subunit, however, seems to be the excisioncontrolling component (22) . Alternatively, this exonuclease may be involved in the uptake of DNA precursors. Mycoplasma broth has relatively high concentrations of purines and pyrimidines from the yeast extract component, whereas organisms in the swine lung may have limited access to free bases. Thus, more digestion of chromosomal DNA may be required for in vivo survival, and thus, higher transcript levels of the mhp070 gene result.
In summary, our studies have given insight into the transcript levels of M. hyopneumoniae genes in vivo during disease. We were unable, however, to identify specific gene targets that might be related to virulence. Almost 60% of the differentially expressed genes were classified as hypotheticals, and virulencerelated genes might eventually be found among this group. Further refinement of the sampling of mycoplasmas from lung tissues might provide additional evidence of the regulation of key genes in response to swine tissues and the host immune response. This could be accomplished by laser capture microdissection of mycoplasmas in association with tracheal epithelial cells. These studies would necessarily involve additional complex technical barriers, mainly amplification of mycoplasma RNAs. To date this has not been accomplished, but ongoing studies are moving in this direction. Further, our experimental design involved comparing mid-log-phase broth-grown organisms with those isolated from infected pigs. This time point was chosen because we have no information regarding what stage of growth M. hyopneumoniae is in during infection. The mid-log phase of growth yields sufficient quantities of intact RNA for microarray analysis. Future studies comparing growth phases in vitro are planned.
